Proteolytic Processing in Infectious Bursal Disease Virus: Identification of the Polyprotein Cleavage Sites by Site-Directed Mutagenesis  by Sánchez, Ana B. & Rodriguez, Jose F.
t
v
v
1
s
a
s
i
N
I
w
m
c
1
i
s
t
t
l
c
a
t
p
d
Virology 262, 190–199 (1999)
Article ID viro.1999.9910, available online at http://www.idealibrary.com on
0
C
AProteolytic Processing in Infectious Bursal Disease Virus: Identification of the Polyprotein
Cleavage Sites by Site-Directed Mutagenesis
Ana B. Sa´nchez and Jose F. Rodriguez1
Departamento de Biologı´a Molecular y Celular, Centro Nacional de Biotecnologı´a (C.S.I.C.), Campus Universidad Auto´noma,
Cantoblanco, 28049 Madrid, Spain
Received April 27, 1999; accepted July 20, 1999
The infectious bursal disease virus (IBDV), a member of the Birnaviridae family, is the causative agent of an immune
depressive disease that affects domesticated and wild avian species. The expression strategy of IBDV includes the synthesis
of a 110-kDa polyprotein containing the capsid precursor polypeptides. The polyprotein is autocatalitically processed
rendering three polypeptides: NH2-VPX-VP4-VP3-COOH. We have carried out a systematic analysis, using a series of
plasmids encoding polyproteins containing either deletions or single amino acid substitutions, to identify the processing
sites. The results obtained showed the existence of two sites, 511LAA513 and 754MAA756, that are essential for the processing
of the VPX–VP4 and VP4–VP3 precursors, respectively. These sequences are highly conserved among IBDV strains form
serotypes 1 and 2. A secondary VPX–VP4 processing site was detected in a 19-amino acid stretch located upstream of the
511LAA513 site. Analyses using versions of the 754MAA756 VP4–VP3 processing site containing conservative and nonconser-
vative amino acid substitutions demonstrated that the specificity of the cleavage is dictated by the conserved AA dipeptide.
© 1999 Academic Press1
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pINTRODUCTION
The infectious bursal disease virus (IBDV) is the pro-
otype member of the avibirnavirus genus of the Birna-
iridae family which groups nonenveloped icosahedral
iruses with bisegmented dsRNA genomes (Dobos et al.,
995). IBDV is the causative agent of the infectious bur-
al disease (IBD) that affects chickens from different
vian species. The disease is characterized by the de-
truction of the Fabricious bursa that results in a severe
mmune depression (for reviews see Mu¨ller et al., 1992;
agarajan and Kibenge, 1995; and Saif, 1998). Currently,
BDV is a major hazard for the poultry industry world-
ide. Recent epidemiological surveys indicate IBDV
ight also represent a serious threat for different spe-
ies of wild birds (Gardner et al., 1997; Ogawa et al.,
999).
The genome expression strategy of most RNA viruses,
ncluding birnaviruses, requires the synthesis of precur-
or polyproteins which are proteolytically processed, ei-
her by host- or virus-encoded proteases, rendering func-
ional polypeptides (for reviews see Dougherty and Sem-
er, 1993; Spall et al., 1997).
Members of the Birnaviridae express a polyprotein
ontaining the capsid precursor polypeptides (Dobos et
l., 1995). Processing of the IBDV polyprotein results in
he formation of three polypeptides ordered on the
olyprotein as NH2-VPX-VP4-VP3-COOH (Hudson et al.,
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 134 91 5854606. E-mail: jfrodrig@cnb.uam.es.042-6822/99 $30.00
opyright © 1999 by Academic Press
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190986). VPX undergoes a second, independent, proteolytic
rocessing step rendering a smaller product known as
P2 (Kibenge et al., 1997). VPX, VP2, and VP3 form the
irus capsid (Hudson et al., 1986), while VP4, also known
s NS, self-assembles giving rise to tubule-like struc-
ures of unknown function which accumulate in the cy-
oplasm of the infected cell (Granzow et al., 1997).
Information about IBDV proteolytic processing is, as
et, scarce. All available data indicates it is an autocatal-
tic cotranslational reaction. It has been suggested that
his reaction is accomplished by the VP4 region which
ight function as a serine protease (Brown and Skinner,
996). The identification of the IBDV polyprotein process-
ng sites has been hampered by the blockage of the
-termini of the VP3 and VP4 polypeptides. In addition to
his, classical approaches to study polyprotein process-
ng, i.e., expression in cell-free translation systems,
east, and prokaryotic cells, have been complicated by
he accumulation of polypeptides with aberrant molecu-
ar sizes (Jagadish et al., 1990; Macreadie and Azad,
991).
We have recently shown that the IBDV polyprotein is
fficiently expressed in mammalian cells using inducible
accinia virus (VV) vectors. Under these conditions, the
olyprotein is proteolytically processed rendering
olypeptides with electrophoretic mobilities identical to
hose detected in IBDV-infected chicken embryo fibro-
lasts (CEF). Furthermore, expression of the polyprotein
n VV-infected cells results in the formation of virus-like
articles with a characteristic icosahedral morphology
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191IDENTIFICATION OF IBDV POLYPROTEIN CLEAVAGE SITESndistinguishable from that of purified IBDV virions (Fer-
a´ndez-Arias et al., 1998).
In this study, we have taken advantage of the VV
xpression system to carry out a systematic search for
he proteolytic processing sites involved on the cotrans-
ational cleavage of the IBDV polyprotein, a crucial step
or the virus life cycle.
RESULTS
The IBDV polyprotein is cleaved twice releasing three
olypeptides: NH2-VPX-VP4-VP3-COOH (Hudson et al.,
986). We sought to identify the corresponding process-
ng sites using a strategy based on the analysis of the
rotein products accumulated after transient expression
f mutant forms of the polyprotein in mammalian cells.
The transient expression system used throughout this
tudy was based on the use of VT7/LacOI, a rVV induc-
bly expressing the T7 RNA polymerase (Ward et al.,
995). Before starting these experiments, it was impor-
ant to characterize whether the transiently expressed
BDV polyprotein was efficiently processed.
FIG. 1. Amino acid sequence of the IBDV polyprotein (Soroa strain).
y site-directed mutagenesis are underlined. The position of the deter
roposed siccile bonds within the polyprotein. Amino acid numbers arBSC-1 cells were infected with the VT7/LacOI and
ransfected with either pPOLY, a plasmid containing the
olyprotein ORF under the transcriptional control of the
romoter sequence of the T7 RNA polymerase, or the
arental plasmid pcDNA3. Cultures were maintained in
edium supplemented with the inducer IPTG. At 24 h
ostinfection (p.i.), cells were metabolically labeled with
35S]methionine. The corresponding cells extracts were
nalyzed by SDS–PAGE followed autoradiography and
estern blot using anti-VPX and -VP3 specific antisera,
espectively.
As shown in Fig. 2A, cells infected with VT7/POLY
ccumulated three specific polypeptides of approx 54-,
2-, and 27-kDa corresponding to VPX, VP3, and VP4,
espectively (Ferna´ndez-Arias et al., 1998). The Western
lot analysis demonstrated the presence of both VPX
nd VP3 in the sample from cells transfected with pPOLY
Figs. 2B and 2C, lanes 4). In addition, the anti-VPX
ntisera recognized two proteins of 35 and 40 kDa of
iral and cellular origin, respectively (Fig. 2B).
These results demonstrated that the transiently ex-
residues RR and KR and regions containing AXAAS motifs analyzed
PX–VP4 and VP4–VP3 cleavage sites are boxed. Arrows indicate the
ated on the right.Dibasic
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192 SA´NCHEZ AND RODRIGUEZressed IBDV polyprotein is efficiently processed, ren-
ering polypeptide products indistinguishable from
hose found in cells infected with the VT7/POLY (Figs. 2B
nd 2C, lane 5), thus paving the way for the use of this
pproach to identifying the processing sites.
he dibasic residues RR and KR are not the sites for
roteolytic processing of the polyprotein
Based on the similarity to other polyprotein processing
ites and their position within the IBDV polyprotein, it had
een suggested that processing might take place at the
ibasic residues Arg-Arg (RR) and Lys-Arg (KR) located in
ositions 452–453 and 722–723, respectively (see Fig. 1)
Hudson et al., 1986).
To analyze this possibility, two plasmids, pRR 3 AG
nd pKR3 AG, were generated in which the amino acid
esidues 452RR453 and 722KR723 had been replaced by the
onpolar dipeptide Ala-Gly (AG) (Fig. 3A). BSC-1 cells
ere infected with VT7/LacOI and then transfected with
POLY, pRR 3 AG, or pKR 3 AG. Cell cultures were
arvested and analyzed by SDS–PAGE followed by West-
rn blot using anti-VPX and -VP3 specific sera. Replace-
FIG. 2. Comparative analysis of polyprotein processing products ac
ither mock-transfected (MT) or transfected with pcDNA3, pPOLY, or in
35S]methionine. The cells extracts were subjected to SDS–PAGE and b
B) Western blot analysis using anti-VPX specific sera. (C) Western blot
PX, VP3, and VP4 polypeptides. The positions of protein molecular ment of the RR and KR sequences by the AG residues did
ot prevent the accumulation of VPX and VP3 products
ith electrophoretic mobilities identical to those found in
ells transfected with the plasmid encoding the wild-type
olyprotein (Figs. 3B and 3C). These results demon-
trated that the analyzed sequences are not required for
roteolytic processing.
dentification of the VP4-VP3 processing site
As an alternative for the dibasic RR and KR residues,
t had been suggested that processing might take place
t the conserved AXAAS sequence motifs (Hudson et al.,
986; Brown and Skinner, 1996). Four copies of this motif
re found within the IBDV polyprotein. Three of them are
ocated within a 19-aa stretch, 485–489, 492–496, and
99–503, respectively, at the putative VPX–VP4 boundary.
he fourth one, found in position 753–757, would fit with
he expected VP4–VP3 boundary (see Fig. 1).
The results described above prompted us to analyze
he possible role of the AXAAS motifs for the proteolytic
rocessing. Initially, our attention was focused to the
XAAS sequence within the putative VP4–VP3 boundary.
ted in BSC-1 cells mock-infected (MI) or infected with VT7/LacOI and
with the VT7/POLY. At 24 h p.i., cells were metabolically labeled with
nto nitrocellulose filters. (A) Autoradiogram of the nitrocelullose filter.
s using anti-VP3 specific sera. Arrowheads indicate the position of the
W) markers are indicated on the left.cumula
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lotted o
analysi
ass (M
T
t
s
t
p
p
i
t
b
p
b
H
t
m
a
5
e
p
s
d
T
w
k
a
o
w
V
p
a
w
a
m
L
p
w
p
a
b
i
p
e
h
t
s
b
V
p
e
T
a
a
t
s
s
s
193IDENTIFICATION OF IBDV POLYPROTEIN CLEAVAGE SITEShree plasmids were constructed containing 15-nucleo-
ide deletions affecting the 753AMAAS757 and its flanking
equences: (i) pD748–752 encodes a polyprotein lacking
he 748RQYHL752 sequence; (ii) pD753–757 encodes a
olyprotein lacking the 753AMAAS757 sequence; and (iii)
D758–762 encodes a polyprotein lacking the
758EFKET762 (Fig. 4A). These plasmids were transfected
nto VT7/LacOI-infected cells. Protein extracts were ob-
ained and analyzed by SDS–PAGE followed by Western
lot using anti-VP3 antiserum (Fig. 4B).
The VP3 product detected in cells transfected with
D748–752 (Fig. 4B, lane 2) had an electrophoretic mo-
ility identical to the wild-type protein (Fig. 4B, lane 5).
owever, cells transfected with pD753–757, harboring
he deletion of the 753AMAAS757 sequence, did not accu-
ulate a 32-kDa VP3-specific product. In this sample, the
nti-VP3 serum only recognized a polypeptide of approx
FIG. 3. Analysis of the role of the RR and KR dibasic sequences for
roteolytic processing. (A) Two plasmids, pRR 3 AG and pKR 3 AG,
ncoding polyproteins in which the RR and KR sequences, respectively,
ad been replaced by the nonpolar AG dipeptide. The diagram shows
he relative position and numbering of the putative RR and KR cleavage
ites as well as the substitutions introduced in the polyprotein encoded
y each mutant plasmid. (B) BSC-1 cultures were infected with the rVV
T7/LacOI and either mock-transfected (MT) or transfected with either
POLY, or the mutant plasmid pRR 3 AG. The corresponding cell
xtracts were subjected to SDS–PAGE and transferred to nitrocellulose.
he panel shows the result of a Western blot analysis using a specific
nti-VPX sera. (C) BSC-1 cultures were infected with the rVV VT7/LacOI
nd either mock-transfected (MT) or transfected with either pPOLY, or
he mutant plasmid pKR 3 AG. The corresponding cell extracts were
ubjected to SDS–PAGE, and transferred to nitrocellulose. The panel
hows the result of a Western blot analysis using a specific anti-VP3
era.9-kDa (Fig. 4B, lane 3). The Mr of this new product
xactly matched that predicted for a putative VP4–VP3
recursor polypeptide. VP3 was also detected in the
ample from pD758–762-transfected cells, showing that
eletion of the 758EFKET762 did not prevent the cleavage.
his VP3 polypeptide migrated slightly faster than the
ild-type product, having an estimated Mr of approx 31
Da (Fig. 4B, lane 4), consistent with the deletion of five
mino acid residues (758EFKET762) within the N-terminus
f the protein.
These results demonstrated that deletion of the
753AMAAS757 sequence abolished the VP4–VP3 cleavage
hile similar deletions affecting its flanking sequences
FIG. 4. Analysis of the role of the AMAAS motif for processing at the
P4–VP3 boundary. (A) Three plasmids, pD748–752, PD53–757, and
D758–762, encoding polyproteins containing deletions of five amino
cid residues affecting the AMAAS motif and its flanking sequences
ere generated. The diagram shows the relative position, numbering,
nd amino acid sequences deleted in the polyprotein encoded by each
utant plasmid. (B) BSC-1 cultures were infected with the rVV VT7/
acOI and either mock-transfected (MT) or transfected with pPOLY,
D748–752, PD53–757, or pD758–762. The corresponding cell extracts
ere subjected to SDS–PAGE and transferred to nitrocellulose. The
anel shows the result of a Western blot analysis using a specific
nti-VP3 sera. The position (arrowheads) and molecular mass (kDa) of
ands corresponding to VP3 and the VP4–VP3 fusion protein are
ndicated on the left.
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194 SA´NCHEZ AND RODRIGUEZad no apparent effect on the efficiency of the cleavage
eaction. These results suggested that the VP3–VP4
leavage site might be contained within the AMAAS
equence. To further confirm this finding, a series of
utant plasmids, pA753 3 P, pM754 3 P, pA755 3 P,
A756 3 P, and pS757 3 P, was generated in which
ach amino acid residue within the 753AMAAS757 se-
uence was replaced by a Pro (P) residue (Fig. 5A). The
xpression of VP3 in cells transfected with these mutant
FIG. 5. Characterization of the VP4–VP3 processing site. (A) A series
f five plasmids, pA7533 P, pM7543 P, pA7553 P, pA7563 P, and
S757 3 P, encoding polyproteins containing single amino acid sub-
titutions within the AMAAS sequence at the VP4–VP3 boundary were
enerated. The diagram shows the relative position, numbering, and
mino acid residue substituted in the polyprotein encoded by each
utant plasmid. (B) BSC-1 cultures were infected with the rVV VT7/
acOI and either mock-transfected (MT) or transfected with pPOLY,
A753 3 P, pM754 3 P, pA755 3 P, pA756 3 P, or pS757 3 P. The
orresponding cell extracts were subjected to SDS–PAGE and trans-
erred to nitrocellulose. The panel shows the result of a Western blot
nalysis using a specific anti-VP3 sera. The position (arrowheads) and
olecular mass (kDa) of bands corresponding to VP3 and the VP4–VP3
usion protein are indicated on the left.lasmids was also analyzed by SDS–PAGE and Western
lotting (Fig. 5B).
Mutations affecting either the first (A) or the last (S)
esidue of the AMAAS sequence did not prevent pro-
essing (Fig. 5B, lanes 2 and 6). However, changes
oncerning the three central residues (M, A, A) resulted
n an almost complete abolishment of the VP4–VP3
leavage reaction (Fig. 5B, lanes 3–5). The alteration on
he electrophoretic mobility of the pS757 3 P-encoded
P3 (Fig. 5B, lane 6) might be related to the presence of
P residue within the N-terminal region of the resulting
olypeptide. These results indicate that VP3–VP4 cleav-
ge is dependent upon the presence of the 754MAA756
equence.
dentification of the VPX-VP4 processing sites
The initial strategy for the identification of the VPX–VP4
rocessing site was based on the use of three plasmids:
i) pD485–503 encoding a mutant polyprotein containing
57-bp deletion. This deletion eliminated the 485AQAAS-
TARAASGKARAAS503 sequence holding three closely
paced repeats of the AXAAS motif; (ii) pD510–515 con-
aining an 18-bp deletion that eliminated the 510TLAADK515
equence (Fig. 6A); and (iii) pD485–503 1 D510–515 that
ncoded a polyprotein lacking both the 485AQAASGT-
RAASGKARAAS503 and the 510TLAADK515 sequences.
he choice to target the TLAADK sequence was based
n its similarity to the AMAAS sequence, which is in-
olved on the VP4–VP3 cleavage reaction.
The electrophoretic mobility of the VPX polypeptide
ccumulated in cells transfected with either pD485–503,
D510–515, or pD485–503 1 D510–515 were compared
o that encoded by the parental plasmid pPOLY. The
ample from pD485–503-transfected cells contained two
nti-VPX-specific bands of approximately 80 and 52 kDa,
espectively (Fig. 6B, lane 3). The 80-kDa species had the
ize predicted for a putative VPX–VP4 fusion polypeptide,
hile the more abundant 52-kDa band, with a Mr slightly
maller than that of wild-type VPX (Fig. 6, lane 3), might
orrespond to a VPX containing a deletion of 19 amino
cid residues. Two anti-VPX reactive bands were also
etected in the sample from pD510–515-transfected cells
Fig. 6, lane 4). A minor band of approximately 81 kDa,
ost likely representing a VPX–VP4 fusion, as well as a
ore abundant 53-kDa product that comigrates with the
maller, less abundant, form of VPX, was found in cells
xpressing the wild-type polyprotein (Fig. 6, lane 2). In
he sample from pD485–503 1 D510–515-transfected
ells (Fig. 6, lane 5), the anti-VPX antiserum recognized a
ingle band of approx 79 kDa. The Mr of this polypeptide
as that expected for a putative VPX–VP4 fusion protein
ontaining a deletion of 24 amino acid residues.
These results are consistent with the existence of two
lternative processing sites within the VPX–VP4 bound-
ry. The major one, used in most molecules under our
xperimental conditions, is formed by the 511LAA513 se-
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195IDENTIFICATION OF IBDV POLYPROTEIN CLEAVAGE SITESuence. Usage of the secondary site, found within the
485AQAASGTARAASGKARAAS503 sequence, was only no-
iceable after expression of polyproteins lacking a func-
ional 511LAA513 cleavage site.
To further assess the role of the 511LAA513 sequence,
hree plasmids were generated, pL511 3 P, pA512 3 P,
A513 3 P, in which each residue of the sequence had
een replaced by a P residue (Fig. 7A). As a control for
his experiment, a plasmid, pT510 3 P, in which the
hr-510 residue adjacent to the LAA sequence was re-
laced by a P residue was also generated.
FIG. 6. Identification of processing sites at the VPX–VP4 boundary.
A) To detect the position of sequences involved in the processing of
he VPX–VP4 precursors, three plasmids, pD485–503, pD510–515, and
D485–503 1 510–515, encoding polyproteins containing deletions
ithin the putative VPX–VP4 boundary were generated. The diagram
hows the relative position, numbering, and amino acid sequences
eleted in the polyprotein encoded by each mutant plasmid. (B) BSC-1
ultures were infected with the rVV VT7/LacOI and either mock-trans-
ected (MT) or transfected with pPOLY, pD485–503, pD510–515, and
D485–503 1 510–515. The corresponding cell extracts were subjected
o SDS–PAGE and transferred to nitrocellulose. The panel shows the
esult of a Western blot analysis using a specific anti-VPX sera. The
osition (arrowheads) and molecular mass (kDa) of bands correspond-
ng to VPX and the VPX–VP4 fusion protein are indicated on the left.As shown in Fig. 7A, cells transfected with pT5103 P
ccumulated a VPX product similar to that found after
ransfection with pPOLY (Fig. 7B, lanes 1 and 2). How-
ver, samples from cells transfected with pL511 3 P,
A512 3 P, and pA513 3 P contained two anti-VPX-
eactive bands of 80 and 53 kDa, respectively (Fig. 7,
anes 3–6). The 80-kDa polypeptide corresponds to the
PX–VP4 fusion protein. The presence of this band indi-
ated that the three single amino acid substitutions af-
ecting the 511LAA513 sequence completely abolished pro-
essing at this site (Fig. 7, lanes 3–5), thus confirming the
ole of the 511LAA513 for VPX–VP4 cleavage. The 53-kDa
rotein is most likely produced by processing at the
FIG. 7. Characterization of the VPX–VP4 primary processing site. (A)
series of plasmids, pT5113 P, pL5123 P, pA5133 P, and pA5143
, encoding polyproteins containing single amino acid substitutions
ithin the TLAA sequence at the VPX–VP4 boundary were generated.
he diagram shows the relative position, numbering, and amino acid
esidue substituted in the polyprotein encoded each mutant plasmid.
B) BSC-1 cultures were infected with the rVV VT7/LacOI and either
ock-transfected (MT) or transfected with pPOLY, pT5113 P, pL5123
, pA513 3 P, or pA514 3 P. The corresponding cell extracts were
ubjected to SDS–PAGE, and transferred to nitrocellulose. The panel
hows the result of a Western blot analysis using a specific anti-VPX
era. The position (arrowheads) and molecular mass (kDa) of bands
orresponding to VPX and the VPX–VP4 fusion protein are indicated on
he left.
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196 SA´NCHEZ AND RODRIGUEZlternative cleavage site located within the AQAASGT-
RAASGKARAAS503 region.
nalysis of the sequence requirements for the
leavage reaction
The results described above indicated that cleavage
t both the primary VPX–VP4 and the VP4–VP3 were
ependent upon the presence of a sequence formed by
small hydrophobic amino acid, either L or M, followed
y two consecutive A residues. In addition to this, the
econdary processing site at the VPX–VP4 boundary is
ound within a 19-amino acid stretch that contains three
A dipeptides preceded by either Arg (R) or Gln (Q) (see
igs. 1 and 8A) that appeared to be good candidates for
rocessing.
To further characterize the sequence requirements for
rocessing, three mutant plasmids were generated con-
aining conservative substitutions affecting each amino
cid residue within the 754MAA756 sequence: (i) pM7543
in which the M-754 had been replaced by a L residue;
ii) pA755 3 G, the A-755 was replaced by a Gly (G)
esidue; and (iii) pA7563 G, the A-756 was replaced by
G residue. Two more plasmids containing nonconser-
ative substitutions affecting the first residue of the se-
uence under analysis, pM754 3 Q and pM754 3 R,
ere also generated. In M754 3 Q, the M-754 was
eplaced by a Q residue; in pM754 3 R, the M-754 was
eplaced by a R residue. Decision to analyze these two
utations was based on the presence of RAA and QAA
equences within the region containing the VPX–VP4
econdary processing site (Fig. 8A).
As expected, replacement of M-754 by a L residue did
ot affect the processing (Fig. 8B, lane 2). Interestingly,
fficient VP4–VP3 processing was also detected in cells
ransfected with either pM754 3 Q or pM754 3 R (Fig.
B, lanes 3 and 4). In contrast, conservative substitution
f either one of the two consecutive A residues had a
arked inhibitory effect (Fig. 8B, lanes 5 and 6). This
ffect was stronger after substitution of the second A
esidue (A-756 to G) of the studied sequence.
DISCUSSION
We have carried out a systematic analysis, using mu-
ant versions of the IBDV polyprotein, to identify and
haracterize the proteolytic processing sites.
Our results conclusively showed that the dibasic
452RR453 and 722KR723 sequences, proposed as candidate
ites for VPX–VP4 and VP4–VP3 processing (Hudson et
l., 1986), can be replaced by two neutral residues (AG)
ithout affecting the proteolytic cleavage of the precur-
or protein. Hence, completely ruling out their involve-
ent on this reaction.
The conserved sequence motifs AXAAS had also been
uggested as possible targets for proteolytic processing
Hudson et al., 1986; Brown and Skinner, 1996). Expres-
ion analyses using mutant forms of the polyproteinontaining either deletions or single amino acid substi-
utions within the VP4–VP3 boundary demonstrated that
rocessing requires the presence of the 754MAA756 se-
uence.
The analysis carried out with mutants within the VPX–
FIG. 8. Analysis of the sequence requirements for the cleavage
eaction. (A) A series of plasmids containing conservative and noncon-
ervative amino acid substitutions within the 754MAA756 sequence
M754 3 L, pA755 3 G, pA756 3 G, pM754 3 Q, and pM754 3 R
ere generated. The diagram shows the relative position, numbering,
nd amino acid residue substituted in the in polyprotein encoded by
ach mutant plasmid. (B) BSC-1 cultures were infected with VT7/LacOI
nd either mock-transfected (MT) or transfected with pPOLY, pM7543
, pA755 3 G, pA756 3 G, pM754 3 Q, or pM754 3 R. The corre-
ponding cell extracts were subjected to SDS–PAGE, and transferred to
itrocellulose. The panel shows the result of a Western blot analysis
sing a specific anti-VP3 sera. The position (arrowheads) and molec-
lar mass (kDa) of bands corresponding to VP3 and the VP4–VP3
usion protein are indicated on the left.
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197IDENTIFICATION OF IBDV POLYPROTEIN CLEAVAGE SITESP4 boundary showed the existence of a processing site
t the 511LAA513 sequence. Deletion of this site strongly
educed, but did not completely prevent, VPX–VP4 pro-
essing, thus indicating the existence of a second pro-
essing site within this region. Deletion of a 19-amino
cid stretch, 485A–S503, upstream of the 511LAA513 site re-
ulted in the accumulation of a small amount of VPX–VP4
recursor molecules, indicating that the second process-
ng site lays within this sequence. As expected, a double
eletion affecting both the 485A–S50 and the 510A–K515 re-
ions completely abolished VPX–VP4 processing.
The 485A–S503 stretch contains three potential cleavage
ites: (i) two copies of the sequence RAA; and (ii) the
AA sequence. According to the results discussed be-
ow, both sequences can be efficiently used a process-
ng sites. It seems feasible that these sequences might
lso be used as processing sites in a small proportion of
olyprotein molecules. Deletion of the major processing
ite, 511LAA513, would trigger the use of one or more of
hese alternative sites. It would be interesting to deter-
ine the effect of mutations affecting these processing
ite on the formation of virus capsids.
The sequence requirements for the cleavage were
nalyzed using mutants containing single amino acid
ubstitutions within the 754MAA756 VP4–VP3 cleavage
ite. Conservative (M to L) and nonconservative (M to R
r Q) substitutions of the M residue preceding the AA
ipeptide did not have detectable effects on the process-
ng efficiency. However, replacement of any of the two A
esidues, even by a G residue, a closely related amino
cid (Bardo and Argos, 1991), had a potent inhibitory
ffect. These results indicate that the specificity of the
leavage is dictated by the conserved AA dipeptide. In
ight of these results, it seems likely that the inhibitory
ffect of the substitution of the M-754 and L-511 to P
esidues on the processing of VPX–VP4 and VP4–VP3
recursors, respectively, might have been the result of
onformational changes rather than the alternation of the
rotease recognition sites.
The first amino acid in C-terminal position to the scis-
ile bond, known as the P19 position (Schechter and
erger, 1967), of the cleavage sites of many virus-en-
oded serine-proteases is occupied by residues with
mall side chains (Dougherty and Semler, 1993). Hence,
t seems likely that in the IBDV polyprotein processing
ites, cleavage might take place between the two con-
erved A residues.
A comparison of the 14 available complete polyprotein
equences from IBDV serotype 1 and 2 strains listed in
able 1 showed that these sites are highly conserved
data not shown). A single amino acid substitution affect-
ng the VP4–VP3 site was detected. This change, found
n strains 23/82 and OH, consists in the replacement of
-754 to L. According to our data this change would not
ffect the processing.
Little is known about the proteolytic processing sites
f polyproteins encoded by other members of the Birna-iridae family. So far, the only precise information was
hat obtained from the VP4 polypeptide from the Dro-
ophila X virus (DXV), the prototype of the entomopoxvi-
us genus (Dobos et al., 1995). The N-terminal sequenc-
ng of the DXV VP4 polypeptide revealed that VPX–VP4
leavage takes place between residues Ala-Ser (AS) at
ositions 500–501 (Chung et al., 1996). This cleavage
ite, formed by two amino acids with small side chains,
s akin to those identified in the IBDV polyprotein, sug-
esting that the responsible proteinases in DXV and
BDV might have similar specificities. The polyprotein of
he infectious pancreatic necrosis virus (IPNV), the pro-
otype of the aquabirnavirus genus, contains several
onserved AA and SA dipeptides within regions that
ight correspond to VPX–VP4 and VP4–VP3 boundaries
Duncan and Dobos, 1986). Experiments to characterize
he processing sites of the IPNV polyprotein are currently
nder way.
MATERIAL AND METHODS
ells and viruses
Generation of the recombinant vaccinia viruses (rVV)
T7/LacOI and VT7/POLY have been previously de-
cribed (Ward et al., 1995; Ferna´ndez-Arias et al., 1998).
VV were propagated and titrated in African green mon-
ey kidney epithelial BSC-1 cells (American Type Culture
ollection) as described previously (Earl and Moss,
993). VT7/LacOI was kindly provided by Dr. Bernard
oss (NIH, Bethesda, MD).
lasmids and site-directed mutagenesis
A PCR fragment containing the complete IBDV
olyprotein ORF was generated using the primers
9-GCGCGAATTCGATCGCATCGATGACAAACCTGTC-
GATC and 59-GCGCGCGGCCGCTCACTCAAGGTCCT-
ATCAG and the plasmid pVOTE.2/POLY (Ferna´ndez-
rias et al., 1998). The resulting DNA fragment was
igested with EcoRI and NotI and cloned into the expres-
ion plasmid pcDNA3 (Invitrogen), previously digested
ith the same enzymes, giving rise to plasmid pPOLY
hich contains the polyprotein ORF immediately down-
tream of the T7 RNA polymerase promoter sequence.
The oligonucleotides used to mutagenize the polypro-
ein gene of plasmid pPOLY are described in Table 1.
ite-directed mutagenesis was performed with the
ransformer site-directed mutagenesis kit (Clontech),
ased on the method described by Nickoloff et al. (1996).
utations were confirmed by DNA sequence analysis of
he complete polyprotein sequence using the ABI Prism
igDye Terminator Cycle Sequencing kit (Applied Biosys-
ems). Plasmids were purified using a plasmid purifica-
ion kit (Quiagen).
ransfections and protein expression analysis
Preconfluent monolayers of BSC-1 cells grown in
0-mm dishes (1.5 3 106 cells/dish) were infected with 5
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198 SA´NCHEZ AND RODRIGUEZFU/cell of VT7/LacOI. After 1 h of adsorption, virus
nocula were removed and cells were washed three
imes with DMEM. After adding 2 ml of Opti-Mem me-
ium (Gibco BRL), supplemented with the specific in-
ucer isopropyl b-D-thiogalactoside (IPTG) (4 mM final
oncentration), cells were transfected with 5 mg of plas-
id DNA using lipofectamine (Gibco BRL), following the
nstructions of the manufacturer. At 24 h posttransfection,
ells were harvested and resuspended in 13 PAGE
ample buffer (62.5 mM Tris–HCl, pH 6.8; 2% SDS; 0.25%
romophenol blue; 5% glycerol; and 10% b-mercapto-
thanol). Protein samples (5–10 mg/sample) were sub-
ected to 12% SDS–PAGE. After electrophoresis, proteins
TABLE 2
IBDV Polyprotein Sequences Used for Multiple Alignment Analysis
Strain Serotype
GeneBank
Accession no.
002-73 1 X03993
52/70 1 D00869
Cu-1 1 X16107
GBF-1 1 D16828
GLS 1 M97346
OKYM 1 D49706
OKYMT 1 D83985
P2 1 X84034
STC 1 D00499
UK661 1 X92760
23/82 2 Z21971
OH 2 M66722
SOROA 1 AF140705
Oligonucleotides Used for Mu
Oligo # Nucleotide sequ
I GACTACCTGCTGGGCGATGAGG
II GCAGGACGCCAGTACCACCTGA
III GGCCGCATAAGGCAGCTGGGTA
IV CTTCCACCCAATGCAGGAGCCAT
V CTTGCCATGGCTGCATCACCCGA
VI GTACCACCTTCCTATGGCTGC
VII CCACCTTGCCCCGGCTGCATCAG
VIII CCACCTTGCTATGCCTGCATCAG
IX CCACCTTGCTATGGCTCCATCAG
X CCACCTTGCTATGGCTGCACCAG
XI GACATAATCCGGGCCATAGCCGG
XII TGGGCAACGTTCATCGCCGGCTT
XIII CGCATAAGGCAGCTACCTCTCGC
XIV CGCATAAGGCAGCTAACTCCCGC
XV CGCATAAGGCAGCTAACTCTCCC
XVI CGCATAAGGCAGCTAACTCTCGC
XVII CGCATAAGGCAGCTAACTCTCGC
XVIII CCACCTTGCTATGGGTGCATCAG
XIX CCACCTTGCTATGGCTGGATCAG
XX CCACCTTGCTCTGGCTGCATCAG
XXI CCACCTTGCTAGGGCTGCATCAG
XXII CCACCTTGCCCAGGCTGCATCAGere transferred to nitrocellulose filters by electroblot-
ing. Filters were incubated for 16 h at 5°C in blocking
uffer (PBS containing 5% nonfat dry milk), maintained
or 2 h at 20°C with either anti-VPX or -VP3 antisera
iluted in blocking buffer, washed with PBS, and then
ncubated for 1 h at 20°C with goat anti-rabbit IgG con-
ugated with horseradish peroxidase (ICN) in blocking
uffer. After washing with PBS, the membranes were
eveloped in PBS containing 0.02% 1-chloro-4-naphthol
nd 0.006% hydrogen peroxide. Preparation of anti-VPX
r -VP3 antisera has been previously described (Ferna´n-
ez-Arias et al., 1998).
Metabolic labeling of proteins from BSC-1 cells was
arried out as previously described (Ferna´ndez-Arias et
l., 1998). After labeling, cells were harvested, and the
orresponding protein extracts analyzed by SDS–PAGE,
ollowed by autoradiography.
mino acid sequence comparisons
Comparisons were carried out using ExPASy se-
uence alignment tools (Wilkins et al., 1999) with the
olyprotein amino acid sequences from the IBDV strains
escribed in Table 2. Sequences were retrieved from the
eneBank database.
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